ABSTRACT: Disparity steps applied to large patterns elicit vergence eye movements at ultrashort latencies. Disparity tuning curves, describing the dependence of the amplitude of the initial vergence responses on the amplitude of the disparity steps, resemble the derivative of a gaussian and indicate that appropriate servo-like behavior occurs only with small disparity steps (<1 degree). Lesion data from monkeys suggest that these vergence responses are mediated, at least in part, by neurons in the medial superior temporal area of the cerebral cortex, and we here review a recent study of the associated single unit activity in that area. Few medial superior temporal neurons have disparity tuning curves whose shapes resemble the tuning curve for vergence. Yet, when the disparity tuning curves for all of the disparity-sensitive cells recorded from a given monkey are summed together, they match the tuning curves for the vergence responses of that monkey very closely, even reproducing that animal's idiosyncracies. When all of the spike trains elicited by a given disparity step are summed together to give an average discharge profile for the whole population of recorded cells, many are noisy, but others that are less so match the temporal profile of the motor response, vergence velocity, quite well. We conclude that the discharges of the disparity-sensitive cells in the medial superior temporal area each represent only a very limited aspect of the sensory stimulus (and/or associated motor response?), but when pooled together, they provide a complete description of the vergence velocity motor response: population coding.
INTRODUCTION
The coding of information by the activity of populations of neurons has received considerable attention in recent years. In some instances this coding relates to sensory events, such as the motion of a visual stimulus [1] [2] [3] or the orientation of the head, 4 and in others to motor responses, such as the magnitude and direction of a saccadic eye movement [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or the direction of a hand movement. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The population coding in these cases generally centered on the mechanisms whereby the aggregate activity of neurons with broad, overlapping tuning functions could achieve a finer representation of a particular sensory or motor function. Our interest, however, is in the possibility that the population activity conveys information that is not available at the level of the individual neurons, in the same way that words convey information that is not evident at the level of the individual letters. In the present paper we review a recent study of ours 29 in which the activity of neurons in the medial superior temporal (MST) area of cortex was described in association with a simple sensorimotor paradigm. This area of cortex has traditionally been treated as a pure sensory (i.e., visual) area. d We found that the individual neurons in MST area each discharge in relation to only a very limited aspect of the sensory stimulus (and/or associated motor response?), but the combined activity of the whole population of such cells provides a complete description of the motor response.
The sensory input in our study was a disparity step applied to a large stationary random-dot pattern, and the motor output was a vergence eye movement that was elicited at ultrashort latency (<60 ms). The neurons were recorded in the MST cortical area, because lesions of this area have caused major deficits in these eye movements. [30] [31] [32] We first review spatial aspects of the stimulus-response relationships and their associated single unit discharges in the MST area, concentrating initially on the disparity tuning of the individual cells and then on the disparity tuning of the summed (population) activity. We then review temporal aspects of the stimulusresponse relationships and their associated single unit discharges in the MST area, again starting with the individual cells before considering the population activity. Finally, we discuss some consequences of population coding and some features of our study that we think allowed us to uncover it.
SHORT-LATENCY, DISPARITY-VERGENCE EYE MOVEMENTS
Before we can discuss the single unit data, we must first describe the sensorimotor paradigm that was used to probe the activity in the MST area. The paradigm that we used was first described by Busettini et al., 33 who employed a dichoptic viewing arrangement to permit independent control of the images seen by each of the two eyes. Busettini and coworkers showed that brief horizontal disparity steps (≤200 ms in duration) applied to large correlated random-dot patterns (in which the two eyes saw identical patterns of dots) elicited vergence eye movements at ultrashort latencies in both monkeys 33, 34 and humans. 34, 35 Some sample responses taken from the study of Masson et al. 34 are shown in FIGURE 1A; see the continuous traces. These studies plotted disparity tuning curves describing the dependence of the amplitude of the initial vergence response on the amplitude of the disparity step and showed that these curves were well-fit by Gabor functions, resembling the derivative of a gaussian. The effective stimulus range was always small, so that appropriate servo-like behavior, in which increases in the disparity input resulted in roughly proportional increases in the vergence output (in the compensatory direction), was seen only for steps of less than 1 degree or so: see the closed symbols in FIGURE 1B. Similar disparity steps applied to anticorrelated random-dot patterns, in which the dots seen by the two eyes were of opposite contrast so that each black dot seen by one eye was matched to a white dot seen by the other eye, elicited similar vergence eye movements except that they had the opposite sign and hence were said to be "anticompensatory" 34 (dotted traces in FIG. 1A and open symbols in FIG. 1B) . Interestingly, when the disparity steps were applied to the correlated patterns, subjects perceived clear changes in the depth of those patterns, provided that the steps were not too large, whereas this was never the case when the disparities were applied to the anticorrelated patterns regardless of the size of the steps. 34, 36, 37 These findings with anticorrelated patterns were used to argue that the short-latency vergence eye movements are generated independent of perception. 34 
NEURONAL RESPONSES IN THE MEDIAL SUPERIOR TEMPORAL AREA

Spatial Coding by Individual Cells
In our recent study, 29 which is the major focus of the rest of the present article, about 20% of the neurons recorded in the MST area were sensitive to disparity steps applied to large correlated random-dot patterns, and disparity tuning curves describing the dependence of their initial (open-loop) discharges on the magnitude of the disparity step were constructed. Based on the shape of their disparity tuning curves, MST cells were sorted into four groups using objective criteria and the fuzzy c- means clustering algorithm of Bezdek 38 (FIG. 2) . These four groups had features in common with four of the classes of disparity-selective neurons that others have described in striate cortex, 39 although groups 2, 3, and 4 appeared to be part of a continuum. About half the cells that responded to disparity steps applied to correlated patterns were also tested with disparity steps applied to anticorrelated random-dot patterns and all modulated significantly ( p <0.005, 1-way ANOVA). Thus, the dis-FIGURE 2. Disparity tuning curves for individual MST cells (correlated stimuli). Upper 4 graphs: mean change in discharge rate (measured over the 60-ms period starting 40 ms after the disparity step) is plotted against the magnitude of the disparity step in degrees; curves are normalized (all have same overall mean and same peak-to-peak amplitude) and are arranged in four groups based on the outcome of the fuzzy c-means clustering algorithm of Bezdek. 38 Bottom: The disparity tuning curves for the vergence responses of the two monkeys that yielded most of the data (N and Q). All traces are spline interpolations. From Takemura et al. 29 parity-sensitive cells in the MST area responded even when the disparity stimuli were not perceived in depth.
A few MST neurons had disparity tuning curves whose shapes closely resembled the shapes of the tuning curve for vergence when the stimuli were either correlated or anticorrelated stimuli, but no neuron had curves that showed a close match to the vergence responses with both types of stimuli. This was examined quantitatively by fitting each neuron's disparity tuning curves to the disparity tuning curves for vergence (gain and offset free parameters), treating the data from each animal separately. The goodness of these fits was then assessed by computing the fraction of the disparity-induced variation in vergence accounted for by the fits (r 2 ). FIGURE 3 plots the r 2 values obtained with correlated stimuli against the r 2 values obtained with anticorrelated stimuli for each of the cells examined with both types of disparity stimuli (circular symbols). It is evident that there is considerable scatter in these data, the goodness of the fit with the correlated stimulus clearly having no relation to the goodness of the fit with the anticorrelated stimulus. The upper right corner of the plot, which is where pure vergence encoding cells would be expected, is devoid of any cells. Thus, there were a few cells that had high r 2 values with either correlated or anticorrelated stimuli but none that had high r 2 values with both types of stimuli: the goodness of the fit clearly depended on the type of stimulus used to generate the vergence, indicating that there were no pure vergence-encoding cells. 
Spatial Coding by the Population of Cells
Most of the unit data were recorded from two monkeys (designated N and Q), and when the tuning curves of all cells obtained from a given monkey were summed together (using a simple, as opposed to weighted, sum), they fitted the tuning curves for the vergence responses of that same monkey very well, always accounting for at least 93% of the disparity-induced variability. e This was true for the unit data obtained with both correlated and anticorrelated stimuli: see FIG. 4 , and the symbols N and Q plotted in FIGURE 3 (the latter represents the r 2 values for the summed ace One manipulation of the data was critical to achieve the good fits: the sign of those tuning curves that had a negative slope in the important servo range, ±1 degree, was reversed; this involved all cells in Group 1 and one in Group 2. Given that the sign of the vergence responses was positive over the range in question-solely by convention-meant that all cells in all groups would make a positive net contribution to the population vergence signal. Of course, sign differences like this can be achieved by appropriate excitatory/inhibitory connections. . Note that before summing, the individual unit curves with negative slopes over the servo range (i.e., for disparities over the range ±1 degree) were inverted. Curves are the least-square, best-fit Gabor functions for the vergence data (continuous line) and the summed activity data (dashed line). The four disparity tuning curves for the summed activity were fitted to the disparity tuning curves for the associated vergence responses, and the r 2 values for the least-square, best fits are shown at the bottom left in each panel. From Takemura et al. 29 tivity of each of the two monkeys from which all of the data in this figure were recorded).
The shapes of the disparity tuning curves for the vergence eye-movement data obtained with correlated stimuli were similar for the two animals ( compare FIG. 4A and  4B ), but the shapes of the disparity tuning curves for the vergence data obtained with anticorrelated stimuli differed significantly for the two animals ( compare FIG. 4C  and 4D ). These differences in the vergence data obtained with anticorrelated stimuli were such that the summed neural activity from monkey N gave a poor fit to the vergence data obtained from monkey Q (r 2 = 0.29) and vice versa (r 2 = 0.35). Thus, the summed neural activity for a given animal matched only the vergence data obtained from that same animal, that is, the population data reproduced the idiosyncratic differences between the vergence responses of the two monkeys, a finding that encourages the belief that the ensemble coding of vergence in the MST area has biological significance.
We were also interested in the relative contributions of each of the four groups of cells that were identified by fuzzy cluster analysis to the population coding of vergence: it was possibe that one or more groups actually made the fits between aggregate activity and vergence responses worse than they would otherwise have been. Sufficient data to examine this question were available only for correlated stimuli, and these suggested that all four groups of cells were necessary for a good fit between summed activity and vergence, especially for monkey N. Thus, excluding all of the cells in any one of the four groups always decreased the goodness of fit in monkey N. Furthermore, randomly excluding equivalent numbers of cells indicated that the probability of achieving these results by chance was always <0.008: bootstrap statistic. 40 The data from monkey Q were less compelling in that only exclusion of Group 1 resulted in significant worsening of the fit. Using a genetic algorithm made it possible to obtain an estimate of the subsets of neurons whose tuning curves, when summed together, gave the best fit to the vergence tuning curves. These subsets invariably included cells from all four groups. These findings indicate that the encoding of vergence depended on contributions from across the entire spectrum of tuning curves found among disparity-selective MST cells. Thus, the population code depends crucially on the aggregate activity of a heterogeneous collection of cells.
Temporal Coding
Additional analyses of the spike trains elicited by a given disparity step revealed considerable variation across cells in the latency, amplitude, and time course of the changes in discharge rate: see FIGURE 5, which shows the discharge frequency profiles of 20 cells recorded from monkey N in response to 2-degree crossed-disparity steps. When all of the spike trains recorded from a given monkey in response to a given disparity step were summed together, providing a population discharge profile for that animal's response to that step, many were rather noisy, ruling out any possibility that they might match the profile of the associated vergence responses. However, other summed discharge profiles were much cleaner and matched the temporal profile of the vergence velocity response quite well (free parameters: gain, y-offset, and x-offset). An example is seen at the bottom of FIGURE 5; compare the dashed trace, depicting the summed neural activity, with the continuous trace, depicting the vergence velocity profile. In the example shown, the x-offset that gave the best fit de-layed the neural response by 18 ms, and the summed activity accounted for 93% of the disparity-induced variation in vergence. In fact, r 2 values were greater than 0.9 for 40% of the fits (8/20, there being temporal data for 10 disparity steps for both monkeys). In view of the noise problems inherent in spike trains and the fact that many discharge profiles of the individual cells showed a strong initial transient, we were surprised that so many summed-activity profiles approximated the vergence velocity profile, which generally showed a monotonic rise with no hint of an initial transient overshoot (FIG. 5) . Thus, whereas initial phasic components were common in the averaged discharge profiles of the individual cells, they were rare in the population average profiles, presumably because of the latency jitter: smoothing by temporal summation.
FIGURE 5. Time course of the neuronal responses (correlated stimuli).
Upper traces show the changes in mean discharge rate over time in response to 2-degree crossed-disparity steps for each of the 20 units that modulated most with this stimulus (ranked in descending order of their mean discharge rates over the period 30-110 ms after the step). Vertical dashed line is the estimated latency of the vergence response (59 ms). Seven of the units, indicated by asterisks, had response latencies <51 ms, and the dots on the traces indicate the estimated times at which the closing of the disparity feedback loop could first influence the discharges of these units. (The response latencies of the remaining units were too long for the disparity-feedback loop to close during the 110-ms time window shown.) Bottom traces show the changes over time in vergence velocity (continuous line) and in least-square, best-fit summed activity (dashed line, with a time lag of 18 ms). Calibration bars: 500 imps/s, 5°/s. Data from monkey N. From Takemura et al. 29 
DISCUSSION
Our findings show that the summed activity of the disparity-sensitive cells that we recorded in the MST area effectively describes the magnitude, direction, and time course of the initial (open-loop) vergence velocity responses elicited by disparity steps applied to large textured patterns. Thus, the population activity provides a complete description of the vergence motor output. On the other hand, there was little or no hint of this vergence information at the level of the individual cells, implying that the representation of vergence velocity in the MST area is an emergent property of the population activity. Our latency data, as well as the x-offsets that gave the best fits to the temporal profiles, suggest that this activity in the MST area occurs early enough to play an active role in the generation of even the earliest vergence eye movements, consistent with other findings that lesions of the MST area result in significant deficits in such eye movements. [30] [31] [32] It is possible that the individual cells carry pure sensory signals (binocular disparity), in which case the pure motor signal conveyed by the population would be nothing more than the arithmetic sum of a set of sensory signals, and the sensory-motor transformation could be accomplished by a simple summing junction. This means that discharges in the MST area could be viewed as both sensory and motor depending on the level of scrutiny (individual cells or population) and would represent a clear example of parallel (rather than serial or hierarchical) signal processing. It has been argued previously that parallel processing is necessary to achieve the ultrashort latency that characterizes the motor responses in our study. 41 
Subsequent Signal Processing?
Various detailed schemes have been proposed for decoding the information embedded in the activity of populations of neurons: for recent reviews see Abbott and Sejnowski. 42 Based on the effects of excluding any one of the four groups of cells from the population sum and on the outcome of the genetic algorithm, we concluded that the encoding of vergence motor responses in the MST area requires contributions from across the entire spectrum of disparity-selective cells that we recorded. This raises the possibility that a random selection of these cells would suffice to generate the vergence responses and that the projection from the MST area to the next stage in the processing of the vergence drive signal need not involve complex computations or connectivity rules. That the aggregate activity of the disparity-selective cells in the MST area relates to vergence velocity (rather than vergence position) is consistent with the commonly held view that the MST area is exclusively involved in the processing of motion signals; see Eifuku and Wurtz 43, 44 for recent references.
There are a number of anatomical routes by which the vergence signals in the MST area might gain access to the vergence premotor centers: see Takemura et al. 29 for a recent review. Contrary to earlier notions, it is now clear that medial rectus motoneurons carry both position and velocity signals for the control of vergence 45 and that both types of signals are evident in the midbrain neurons thought to carry the command signals for vergence eye movements. [46] [47] [48] This means that the vergence velocity signal conveyed by the population activity in the MST area would need to be supplemented with a position signal in order to provide the complete command signal to the midbrain neurons generating vergence eye movements. This could be achieved by a single integration in the projection pathways, similar to that which has long been postulated to occur in the pathways from the semicircular canals to the oculomotor motoneurons. 49, 50 It is interesting that the initial phasic component that is often seen in the discharge profiles of individual MST cells (FIG. 5) -and might be thought to represent a vergence acceleration signal, albeit rather crude-is filtered out of the population response by the latency jitter and temporal summation.
Multiplexing?
Population coding raises the possibility that these same MST cells can participate in other functions unrelated to vergence. This might involve subgroupings of the cell population that we have recorded operating through other output pathways to achieve some other function necessitating disparity information. Another possibility is that these same cells also carry signals unrelated to disparity and belong to other groupings/populations of cells that combine to achieve other purposes through their shared connections. In such a distributed network, the functionality depends critically on the pooling achieved by the shared connectivity. Clearly, such multiplexing would involve some delicate balancing of inputs to minimize cross-talk and thereby render the different functions of the individual cells orthogonal at the population level. Of course, failure to do this at one level of the system might be corrected by adding appropriate compensatory signals at subsequent levels.
Concerning the Stimulus Sets Required to Uncover Population Codes
We think that the stimulus set in our study has a number of features, some novel, that, in retrospect, were crucial for revealing the population coding in the MST area. Firstly, we sought only to identify the possible contributions of the cells, both individually and collectively, to one particular well-defined behavior: disparity vergence. Thus, we ignored the possibility that these cells discharge in relation to other stimuli and/or motor responses. In particular, we did not use an extensive set of stimulus parameters as others have often done in hopes of identifying the stimuli "preferred" by the individual cells. Aside from the problem that one can never be sure if there is some untried stimulus that would be "preferred" over all others, we now think it is possible that there is orthogonal multiplexing as discussed earlier, that is, the cells discharge in relation to more than one stimulus dimension. Secondly, we think it is also significant that our stimuli extended well beyond what we presume to be the biologically useful (servo) range. It is the responses to the outlying stimuli that give the tuning curves their individual shapes, that is, their identity. Thirdly, we included stimuli-anticorrelated patterns-that are rarely, if ever, encountered in the real world and that elicit vergence responses with idiosyncratic features. f That these subject-specific features of the motor responses were mirrored by the aggregate neuf The relatively modest intersubject variability in the vergence responses to correlated stimuli is presumably due to the operation of adaptive mechanisms that function to optimize performance and, given the common biological matrix and survival imperative, converge on similar solutions in different subjects. In contrast, anticorrelated stimuli are outside normal experience, so that the system's anticompensatory responses to them have no biological significance; perceptually, the brain appears to deal with anticorrelated stimuli the same way it deals with uncorrelated stimuli.
ronal responses helps to persuade us that the population coding is not simply a fortuitous epiphenomenon but has biological significance.
